Abstract. Recent studies brought the evidences that some cell surface molecules associated with immune system (cluster of differentiation (CD) molecules) may be involved in the fertilization process. The experimental observations regarding the function of CD9, CD49f/CD29, CD46 and CD11b/ CD18 have led to the construction of general hypothesis of fertilization comprising the interaction of these CD molecules in binding and fusion of sperm and egg. The models for the role of CD9 and CD49f/CD29 in the fertilization are based on the interaction of tetraspanin CD9 and integrin α6β1 (CD49f/CD29) via fertilin in sperm-egg binding and fusion. The model for the role of integrin CD11b/CD18 and CD46 in fertilization is based on the interaction of these two molecules through complement C3 fragments which may serve as bridging ligands between sperm CD46 and oocyte CD11b/CD18 and facilitate apposition of the sperm inner acrosomal membrane with oolemma.
Introduction
The process of fertilization in mammals requires the successful completion of many steps, starting with the development and the transport of gametes in the reproductive tracts of both male and female organisms until they arrive close to each other in the female reproductive tract. The subsequent interaction between the two gametes requires several steps that result in gamete fusion to produce a zygote. Cell adhesion is a major part of these unique processes; it is involved in the transport of both egg and sperm, and it is also integral to the steps in sperm-egg interaction (Talbot et al. 2003) . There are many involvements of the immune system in the physiology of mammalian reproduction. Two of them are the complex tolerance of "foreign" fetuses or the selection and physiological destruction of vast majority spermatozoa (directly) not participating in sperm-egg fusion by immune system mechanisms. Therefore, immunology is a powerful tool for studying the fertility of man and animals and the underlying physiological processes of reproduction.
One of the aims of the immunological studies in reproduction was to discover genes expressed on gametic cells and reproductive tissues that encode proteins which are important in whole procedure or in some steps of gametic maturation and fertilization of eggs. In the last period a set of such proteins have been described.
In this review we focus on the role of sperm and egg surface cluster of differentiation (CD) molecules, especially integrins and tetraspanins, which could be involved in the adhesion/fusion of egg and sperm membranes.
CD molecules in fertilization
CD molecules are antigens appearing in the cell membrane in a specific stage of their development. They remain there in a specific development period or they remain there as a characteristic marker till destruction of the cell membrane. Because most of them have a restricted cell or tissue distribution they are also marked as "differentiation antigens" (Buc 2001) .
To date, more than 300 surface antigens defined on human leucocytes are known and their number is still increasing. There is a large heterogenity in the structure and functions of CD antigens. Majority of CD antigens are involved in the immune functions of organism. They comprise the receptors for antigens, MHC (major histocompatibility complex) glycoproteins, adhesive molecules, receptors for immunoglobulins, receptor for complement, receptors for lymphokines and other growth and differentiation factors, membrane enzymes or transport molecules and other molecules, with well-characterized structure and expression but the function of which has not been defined yet (Hořejší 1991; Barclay et al. 1997) .
Some of CD molecules are also expressed on the tissues and cells of the male and female genital tract Jankovičová et al. 2008) . They could be involved in the reproductive immunity but their exact role is mostly unknown.
However, recent studies brought the evidences that some CD molecules may participate in the fertilization process. The main candidates for this function are some CD molecules belonging to the superfamilies of tetraspanins, integrins and complement regulatory proteins. The aim of this review is to yield and summarize the data about the structure and functional properties of this molecules and suggest the mechanism how they could influence the reproduction processes of man and animals.
Tetraspanin superfamily is characterized by the existence of four transmembrane domains delimiting two extracellular regions of unequal size (Lagaudrière-Gesbert et al. 1997 ).
Tetraspanins interact with other proteins including integrins, immunoglobulins, proteoglycans, complement-regulatory proteins and growth factor receptors. For this reason, they are thought to form multi-molecular complexes with these associated molecules on the plasma membrane (Boucheix and Rubinstein 2001) and are implicated in a variety of normal and pathological processes, such as cell motility, metastasis, cell proliferation and differentiation (Berditchevski 2001) , and also in sperm-egg fusion (Le Naour et al. 2000; Miyado et al. 2000) .
Integrins comprise a large family of cation-dependent heterodimeric transmembrane receptors composed of noncovalently linked α and β subunits (Hynes 1992) . It is a large family of cell adhesion receptors, involved in cell-cell and cell-matrix interactions. At present, 20 different integrin heterodimers are known. They not only anchor cells to their proper locations, but also activately mediate the passage of information into the cell. They are involved in such diverse processes as immune response, lymphocyte homing, platelet aggregation, metastatic spread of certain malignancies, healing process of tissue injures, embryologic development and reproduction (Vinatier 1995) .
Proteins which belong to the family of complement regulatory proteins could regulate the function of a complement system by cleavage of complement cascade (see Valentovičová et al. 2005 ). The complement system plays an important role in host defense. However, if not properly regulated, activated complement can also cause significant damage to host tissues. To prevent complement-mediated autologus tissue damage, host cells express a number of membrane-bound complement regulatory proteins (Miwa and Song 2001) . These include also some of the CD molecules, which are present on many tissues in male and female reproductive tracts and gametes.
The experimental data accumulated recently have shown that at least some CD molecules belonging to these 3 superfamilies of CD molecules could be involved in reproduction processes.
Interaction of CD9 and CD49f/CD29 (α6β1, VLA-6) via fertilin in sperm-egg binding and fusion CD9 is a widely expressed cell molecule that belongs to the tetraspanin superfamily of proteins (Le Naour et al. 2000) . CD9 is mainly expressed by platelets and extent by other blood cells (Barclay et al. 1997) it is also present on oocytes . Expression of CD9 enhances membrane fusion (Loffler et al. 1997; Willett et al. 1997) . It seems to be likely that one of the role of CD9 is in cell adhesion through the regulation of integrin function CD49f/CD29 (α6β1; VLA-6) (Berditchevsky et al. 1996) .
Fertilization involves the membrane fusion between gametes. Previous studies in mice have reported that CD9 has a key role in sperm-egg fusion (Kaji et al. 2000; Le Naour et al. 2000; Miyado et al. 2000) or binding and fusion . The following specific effect of CD9 molecule to reproduction processes was found: CD9 knockout mice (the mice in which the CD9 gene was inactivated) female appeared to ovulate normally, and yields of oocytes from super-ovulated animals were similar to yields from knockouts. Oocyte maturation to metaphase II also appears to be normal. However, oocytes from CD9 knockout mice were rarely fertilized. Sperm were able to adhere to the plasma membrane of zona pellucida (ZP)-free CD9 knockout oocytes, but very rarely fused with the oocyte membrane (Kaji et al. 2000; Le Naour et al. 2000; Miyado et al. 2000) .
The effect of anti-CD9 antibodies from in vitro fertilization studies is not unequivocal. There is different response to antibody treating in man and in mice. ZP-free oocytes treated with anti-CD9 monoclonal antibodies have been reported to have reduced numbers of bound sperm Li et al. 2004) , whereas another report states that sperm binding was unaffected by an anti-CD9 antibody (Le Naour et al. 2000; Miller et al. 2000; Miyado et al. 2000) . Anti-human CD9 mAb failed to inhibit the fusion of human ZP-free oocytes with sperm, when added at the time of insemination, under conditions in which anti-mouse CD9 mAb inhibits the fusion in mouse. However, anti-CD9 mAb strongly inhibited the fusion when added to human intact oocytes and kept continuously present during ZP removal and fusion, indicating that mechanical ZP removal induces on the oocyte the stage when CD9 is no longer required for fusion (Ziyyat et al. 2006) .
Integrins have been speculated to mediate sperm-oocyte adhesion, as they mediate somatic adhesion (Evans 2002) . CD49f is the α6 integrin subunit which can combine with CD29 (the β1 integrin subunit) to form integrin VLA-6 (CD49f/CD19; α6β1) to be expressed on T lymphocytes, thymocytes on the epithelia of non-lymphoid tissues and also on the surface of oocytes of man and mice (Barclay et al. 1997) .
Based on antibody-inhibition assays, it has been suggested that the integrin α6β1 could be a receptor for sperm binding to egg (Almeida et al. 1995) , but this conclusion was not reached in a later study using a different method of removing the zona pellucida surrounding the egg (Evans 1999) .
Recently, the analysis of oocytes from mice lacking the integrin α6 gene showed that this integrin was not essential for sperm-oocyte binding and fusion in the mouse might be due to the substitution of α6β1 by another integrin in those mice. The interpretation of this finding needs further studies. One possibility might be the existence of different α6β1 integrin. The alternative possibility is that a novel integrin or receptor may be present on the surface of the egg and binds sperm (Miller et al. 2000) .
The fusion of human gametes is more dependent on α6β1 integrin than the fusion of mouse gamete. Up to 96% inhibition of sperm-egg fusion was recorded after treatment with α6β1 monoclonal antibody. This finding has clearly shown the crucial role of α6β1 in human gamete fusion (Ziyyat et al. 2006) .
Fertilin α, fertilin β and cyritestin are members of a disintegrin and a metalloprotease domain (ADAM) family, being ADAM1, ADAM2, and ADAM3, respectively, each of which has a disintegrin and a metalloprotease domain (Blobel et al. 1992 ). The fertilin β subunit has been hypothesized to be involved in binding of the sperm to the egg in a mechanism that leads to sperm-egg fusion (Ramarao et al. 1996; Vidaeus et al. 1997 ). The fertilin α subunit has been hypothesized to be involved in fusion of the egg and sperm plasma membranes (Evans et al. 1997) . Their putative receptors, oocyte integrins, are necessary for the sperm-oocyte interaction (Kaji and Kudo 2004) .
The experimental observations mentioned above regarding the function of CD9, CD49f/CD29 and fertilin in reproduction processes have led to the construction of general hypothesis of fertilization comprising the interaction of the CD molecules in binding and fusion of sperm and egg.
The adhesion of mouse gametes requires an interaction between fertilin and integrin α6β1 (Almeida et al. 1995) on the plasma membranes of the sperm and egg, respectively.
According to Chen and Sampson (1999) fertilin β binds directly to the α6β1 integrin on the egg surface and this partnership mediates sperm-egg fusion. The tetraspan protein CD9 facilitates α6β1-mediated binding of fertilin β (ADAM2) to eggs. Perhaps CD9, or other integrin associated proteins, facilitate binding of other ADAMs to their respective integrin coreceptors (Nakamura et al. 1995) .
Two models for the role of CD9 in binding of fertilin to α6β1 have been considered by (Fig. 1) . In model I, fertilin β binds to α6β1 that is physically associated with CD9 and tethered to the actin cytoskeleton. In model II, fertilin β binds to α6β1 that is tethered to the actin cytoskeleton; CD9 indirectly influences the association of α6β1 with the actin cytoskeleton and, therefore, its ability to bind fertilin β. Figure 1 . Models for the role of CD9 in binding of fertilin to α6β1. In Model I, fertilin β (ADAM 2) binds to α6β that is physically associated with CD9 and tethered to the actin cytoskeleton. In Model II, fertilin β binds to α6β1 that is tethered to the actin cytoskeleton; CD9 indirectly influences the association of α6β1 with the actin cytoskeleton and, therefore, its ability to bind fertilin β ).
Binding of sperm-egg through CD11b/CD18 integrin and CD46
The analysis of the function of CD molecules in the fertilization processes revealed the role of other CD molecules resulting in the "alternative way" of sperm-egg binding.
In the binding of the sperm and the egg has an important role integrin CD11b/CD18 (α M β 2, Mac-1, CR3), which belongs to the β 2 subfamily of integrins. CD11b/CD18 is expressed in white blood cells and has been implicated in diverse responses of these cells (Coxon et al. 1996; Ding et al. 1999) , in addition to being the receptor for complement fragment iC3b (Arnaout 1990) .
CD11b/CD18 is also expressed on human oocytes. Both ZP-intact and ZP-free oocytes were positive for plasmamembrane expression of CD11b/CD18 that binds C3 products (Anderson et al. 1993) . Quite the opposite CD11b/ CD18 expression has been reported as absent from both unreacted and acrosome-reacted spermatozoa (Anderson et al. 1993) .
The antibodies against α and β integrin subunits, including α M and β 2 subunits, only partially blocked spermoocyte binding (with maximum of 55% inhibition). In addition, the fusion of oocytes by sperm that had become bound to oolema (plasma membrane of the oocyte) was not blocked. These results suggest that one of the binding mechanism could be inhibited by integrin antibodies but that this mechanism does not play an essential role in the human sperm-oolemmal binding and fusion processes (Sengoku et al. 2004) .
Complement is involved in cell-cell interactions in several systems (Joiner 1988; Ahearn and Fearon 1989; Springer 1990) , and recent studies have suggested that it may play role in fertilization. C3 is secreted by rat and human uterine glandular epithelium; the highest levels are produced in fertilization (Kuivanen et al. 1989; Sundstrom et al. 1989; Isaacson et al. 1990 ). C3 fragments can serve as bridging ligands, facilitating apposition of the sperm inner acrosomal membrane with egg plasma membrane, but at high levels C3 fragments may block fertilization by saturating sperm and egg receptor. Human and hamster oocytes can activate the alternative pathway of complement and bind human C3 fragments. Dimeric C3b binds to acrosome-reacted sperm but not to acrosome-intact sperm that suggests that sperm CD46 binds C3 catabolites immediately before fertilization (Anderson et al. 1993) .
CD46 / MCP (membrane cofactor protein) is a cell surface complement regulatory glycoprotein that facilitates enzymatic cleavage of complement component C3b (Taylor et al. 1994; Antalíková et al. 2007 ). The main function of the membrane glycoprotein is to protect essentially the host cells from an autologous complement attack (see Valentovičová et al. 2005 ).
This glycoprotein is present on all human peripheral blood cells (besides erythrocytes), on fibroblasts, endothelial and epithelial cells, and on tissues of reproductive system, including fallopian tube, uterine endometrium and placenta. CD46 is not expressed on unfertilized oocytes but it appears at the 6-8 cell stage embryo (Liszewski et al. 1991) . In contrary, according to Taylor et al. (1994) CD46 is expressed on ZP-free human oocytes. In man, it is expressed by acrosome-reacted, but not acrosome-intact spermatozoa (Anderson et al. 1989 ). This finding may suggest that this antigen is particularly important in the process of fertilization. In orangutan and unlike to human analogues, it was described on all blood cells (Nicleks and Atkinson 1990) . In guinea pig (Hokosawa et al. 1996) and mice (Tsujimura et al. 1998) it is selectively expressed in the testis, particularly in germ cells. CD46 molecule has been localized on the plasma membrane and in the acrosomal content or on the acrosomal membrane of bovine spermatozoa (Jankovičová et al. 2006) . These facts suggest that this molecule is primarily important in reproduction.
CD46 is thought to be a factor in sperm-egg interaction, because human sperm binding and pronuclear formation in ZP-free human oocytes can be significantly inhibited by preincubation of both sperm and oocytes with anti-CD46 mAb. This effect was not observed when either of these gametes alone was incubated with mAb (Taylor et al. 1994) . It was reported that the blocking of human sperm by CD46 monoclonal antibodies suppressed sperm binding to human and hamster oocytes (Okabe et al. 1990; Taylor and Johnson 1996) . Kitamura et al. (1997) proposed a new category of infertility -a sperm-specific CD46 aberration. The same authors reported that the sperm lost the ability to adhere to oocytes due to the observed defects in the sperm CD46, thereby causing a failure of fertilization.
The expression of CD46 by ZP-free oocytes and acrosomereacted sperm suggest a role for CD46 at the level of apposition of the inner acrosomal membrane and the oolemma (D'Cruz 1996) . However, CD46 may not be involved directly in initial fusion events, as fusion begins in the equatorial or postacrosomal regions where the membrane remains intact after the acrosome reaction, rather than the inner acrosomal region where CD46 is expressed (Taylor et al. 1994) .
From these evidences results a model for C3 and complement-binding proteins in gamete membrane apposition. CD46 on sperm that have undergone the acrosome reaction specifically binds dimeric C3b and human sperm acrosomal proteases released during the acrosome reaction directly cleave C3, facilitating its binding to CD46. At subsaturating levels of dimeric C3b, the interaction of sperm and egg was enhanced, whereas at saturating doses the interaction was inhibited. This result suggested that dimeric C3b at low levels could serve as a bridge between sperm (CD46) and oocyte (CD11b/CD18) complement receptor, facilitating fertilization, whereas at high levels dimeric C3b saturated all receptor-binding sites for C3 fragments and inhibited the apposition of gamete membranes (Fig. 2) . In addition, antibodies to both CD46 and C3 significantly inhibited penetration of hamster oocytes by human sperm (Anderson et al. 1993) .
C3 fragments (C3b/iC3b) may serve as bridging ligands between sperm CD46 and oocyte CD11b/CD18 and facilitate apposition of the sperm inner acrosomal membrane with oolemma. Regulated gamete-induced generation of C3 fragments by selectively expressed receptors on sperm and oocytes may be an initial step in gamete interaction, leading to membrane fusion and fertilization (Anderson et al. 1993) .
The experiments reviewed in this paper clearly have shown the function of some CD molecules in the reproduction processes. Simultaneously the species specific differences in the effect of discrete CD specifities during the sperm adhesion and fusion was suggested. Consequently, to understand better the molecular mechanism of fertilization, the identification of further CD molecules participating in reproduction processes and their interaction in distinct parts of the genital tract or reproductive fluids in different species would be required. Model for role of C3 and complement-binding proteins in gamete membrane apposition. a) C3b/iC3b (C3b/bi) acting as a ligand between sperm MCP (CD46) and oocyte complement receptor (CR) (type 1 -CD35 or type 3 -CD11b/CD18). b) C3b/ C3bi covalently attached to oocyte acting as a ligand for sperm MCP. c) C3b/C3bi is covalently attached to sperm acting as a ligand for oocyte CR. d) and e) excess C3b/C3bi saturating all MCP/CR sites and inhibiting membrane apposition (Anderson et al. 1993) . MCP, membrane cofactor protein.
